This mechanism for in vitro regulation of ESCRT-III activity may also have important implications for its in vivo functions.
Introduction
The biological cell is fundamentally a highly complex chemical reactor, where compartmentalisation of its chemical processes is essential for complex functions. 1 Eukaryotic organisms contain membrane-bound cellular sub-compartments, which allow distinct chemical environments to exist within the cell, such that otherwise incompatible chemistries can be maintained and utilised, e.g. ATP synthesis in the mitochondria and protein degradation in lysosomes. 2 The manifold capabilities of a cell in the synthesis of complex biomolecules, sensing and response to its environment are all desirable functionalities to emulate within a synthetic system. 3 Therefore chemical technologies that provide control over the formation of multicompartment membrane architectures are fundamental to artificial cell engineering. 4, 5 While microfluidic technologies have been developed that allow fixed multicompartment membrane architecture to be formed, 7, 8 natural cells can dynamically change their compartmentalised architectures. To emulate this dynamic nature within an artificial cell system, we take inspiration from biology by repurposing protein complexes in vitro that natively remodel membrane structures. 9 The "vesicles-within-a-vesicle" architecture we aspire to recreate in an artificial cell bears resemblance to a cellular membrane-bound organelle, the multivesicular body (MVB). In eukaryotic cells, MVBs are formed by the encapsulation of biomolecular cargo into intraluminal vesicles (ILVs) within endosomes. 10 This membrane remodelling event is performed by the ESCRT (endosomal complex required for transport) family of proteins. 11 This activity lends itself to the possibility of using ESCRTs in the construction of multicompartment artificial cells in vitro. 12 The human ESCRT complex drives multiple key membrane-remodelling processes, such as multivesicular body formation, cell division, exosome formation, HIV budding, plasma and nuclear envelope membrane repair. 13, 14 In yeast, ESCRT is responsible for cargo sorting in the endosomal pathway and also for nuclear pore complex quality control. 15 The ESCRT complex responsible for transmembrane receptor sorting via the endosomal pathway comprises of ESCRT-0, ESCRT-I and ESCRT-II, which capture ubiquitinated transmembrane cargo at the late endosome membrane. 16 The central membrane remodelling complex is ESCRT-III a highly conserved set of proteins in eukaryotes, and the AAA+ ATPase Vps4
( Figure 1A) . 17, 18 In Saccharomyces cerevisiae, ESCRT-III consists of a core machinery comprised of the Vps20, Snf7, Vps24 and Vps2 subunits. Membrane budding and scission of vesicles mediated by ESCRT-III occurs with a unique topology, whereby the membrane is pushed away from the cytosol. 19 Initial membrane deformation is performed by ESCRT-II, which recruits ESCRT-III subunits and drives the formation of ESCRT-III filaments on the membrane. 20 In vitro studies on flat surface-supported membranes have shown that ESCRT-III forms spirals that are proposed to behave like springs, storing elastic energy, which deform the membrane upon release. 21 The observation of this spiral structure informs the mechanical rationale for membrane deformation and scission in many of the proposed mechanisms where either a spiral, 22 cone, 23 or dome 24, 25 structure made by ESCRT-III stabilises and subsequently drives scission of the ILV bud neck. This process is made possible by the action of the ATPase Vps4, which has been shown to catalyse ESCRT-III activity by maintaining the dynamics of complex assembly and disassembly. 26 ESCRT-II recruits the ESCRT-III subunit Vps20 to form a complex with affinity for regions of membrane curvature 27 . In turn, Vps20 nucleates the formation of Snf7 spirals that are capped at the growing end by a Vps24-Vps2 complex. 28 Vps2 recruits the ATPase Vps4 through the interaction between its MIM (MIT-Interacting Motif) motif with the MIT (Microtubule Interacting and Transport) domain of Vps4. 29 Intraluminal vesicle (ILV)
formation by ESCRT-II/ESCRT-III can be reconstituted in vitro with a GUV-based bulk-phase uptake assay. The activity of a minimal ESCRT-III / Vps4 system in artificial vesicle systems was first demonstrated by Wollert et al. 6 where ILVs were generated in GUV parent vesicles and observed by microscopy.
The reconstitution of ESCRT activity in vitro opens the possibility of achieving finer control of ILV formation in artificial systems. Therefore we initially set out to investigate the relative stoichiometry of ESCRT-III components to underpin their influence on the size and number of ILVs that form within individual GUVs ( Figure 1B) . Interestingly, our initial experiments reveal wide variation in ILV size and number between different GUVs within an individual experiment (Figure 2A) . Membrane mechanics are considered to be the likely source of these differences due to variability in tension across a single GUV population. Modulating membrane tension could therefore provide a further means to exert control over ILV formation and will also be investigated in this study.
Here we report on how changing the relative stoichiometry of the ESCRT-III subunits and the mechanical properties of the membrane regulate the size and number of ILVs formed in a GUV-based bulk-phase uptake assay ( Figure 1B) . These findings reveal a novel mechanism that regulates ESCRT activity in vitro and provide further insight into how they may function in vivo.
Results
'Passive' and 'active' membrane budding and scission by ESCRT.
We have quantified ESCRT activity using the bulk phase uptake assay as described by
Wollert and Hurley, 6 introducing a systematic variation in the ratio of key ESCRT-III in the reaction. In this assay, GUVs with an 'endosome-like' lipid composition 6 Schematic of the ILV formation procedure. Cascade blue labelled dextran was added to GUVs in Tris buffer (II),
immediately followed by ESCRT-II, Vps20, Vps24, Vps2 (10 nM) and Snf7 (50 nM) (III). After a 20 minute incubation period, AlexaFluor 488-labelled dextran was added, immediately followed by Vps4 (10 nM) and ATP.MgCl2 (1 μM). Thereby, ILVs containing only cascade blue dextran can be identified as having formed before the addition of Vps4 and ATP, and those that contain both dyes, must have formed after addition.
B(ii):
Confocal image of a GUV containing ILVs formed by active (ATP driven) and passive (no ATP) processes.
Cascade Blue-labelled dextran (blue channel) was added immediately before incubation with ESCRT-II, Vps20, Vps24, Vps2 (10 nM) and Snf7 (50 nM). AlexaFluor488-labelled dextran (green channel) was added immediately before the addition of Vps4 (10 nM), and ATP.MgCl2 (1 μM) followed by a further period of incubation. White arrows indicate passively formed ILVs, yellow arrows indicate actively formed ILVs
Membranes labelled with lissamine-rhodamine-PE (red channel). 40x objective, scale bar = 10 μm.
ILV formation efficiency reaches a maximum for a specific molar ratio of Snf7
Snf7 oligomerisation is central to ESCRT-III activity, with more Snf7 units present in the active complex than other ESCRTs, 35 but the overall stoichiometry, and its relationship to activity, is currently not well understood. Overall, we see a weak dependence of Vps24 stoichiometry on the efficiency of ILV formation in a similar fashion to what was observed for Vps20 (Figure 5) , where the effects of membrane tension dominate the actions induced by stoichiometric changes of Vps24 with a 3-5 fold increase in ILV number in the low tension regime. However at the lowest Vps24 concentration (5 nM), there appears to be an inhibitory effect on ILV number in the low tension GUV population, but in high tension samples, no Vps24 concentration effect on number is observed. GUVs in the low tension regime also display an effect of Vps24 stoichiometry on the size of ILV produced, with the lowest Vps24 concentration producing significantly larger mean ILV diameter for both active and passive formation, suggestive that increased capping of the complex by Vps24 favours smaller ILV sizes. Furthermore, we see a significant increase in ILV size in the low tension regime in these experiments, indicative that lower mechanic resistance to membrane deformation facilitates more membrane, on average, being removed from the parent GUV in an individual ILV formation event.
Taken together, our data show that membrane tension plays a major role in regulating ESCRT-driven ILV formation.
Membrane tension negatively regulates ILV formation by ESCRT-III
The deformation of a membrane during ESCRT-induced ILV budding would encounter greater mechanical resistance on higher tension membranes. The energetic input to achieve this may be derived from the assembly of ESCRT-III components, primarily Snf7 filaments, which are directly implicated in driving membrane budding. While the role of Vps4, a mechanoenzyme, has been suggested to be in the scission of ILV buds from their parent membrane through the disassembly of stabilising Snf7 filaments, some published results have suggested that ESCRT complexes only exert measurable forces on membranes during ATP-driven Vps4 activity. 26 Our data reveals a strong, significant dependence of the efficiency of ILV formation on membrane tension, implying typical membrane tensions in GUVs are sufficient to compete with the energetic driving force of membrane deformation exerted by the ESCRT complex.
Therefore, regardless of the mechanism or magnitude of the force exerted, there must exist a maximum membrane tension that is able to undergo ESCRT-induced ILV budding. A relationship between ILV size and membrane tension is also plausible as the magnitude of membrane deformation that can be achieved during budding may be modulated by tension.
Any such effects resulting from resistance to membrane deformation will necessarily be concurrent with any effects resulting from transient membrane curvature. As assemblies of ESCRT-II and Vps20 are known to have an increased affinity for regions of membrane curvature, 27 the transient curvature changes from membrane undulations that are more pronounced in low tension membranes may also enhance the affinity of ESCRT-II/ Vps20 complexes for the membrane.
Flicker spectroscopy experiments are used to quantify the distribution of membrane tensions ( ) in GUV populations in our low tension and high tension regimes, before and after incubation with ESCRT proteins (Figure 4 and Supp. Fig. S3 .). GUVs are found to have high membrane tension following initial electroformation. Addition of the ESCRT complex resulted in a narrowing of the distribution of membrane tensions towards the high tension end of the initial distribution (Supp. Fig. 3 ). This implies that the lower tension vesicles within the initial population have increased their tension due to their interaction with ESCRTs. This is likely due to ILVs forming within the less tense vesicles of the high tension population and a significant number of GUVs where no ILVs have formed are observed in these samples, suggestive that their tension might be too high for the ESCRT complex to act upon them. Some GUVs in these samples are too tense to be quantified by the full flicker analysis as the data for higher q modes became noisy due to their small amplitude. Therefore the mean square amplitudes of the longest wavelength undulatory mode (n=3) is analysed as a proxy for membrane tension where smaller mean square amplitudes correspond to a higher membrane tension. 39 The mechanical coupling between membrane tension and ESCRT function is most evident in the low tension regime. As expected, the osmotic relaxation procedure reduces the mean membrane tension by about an order of magnitude and also narrows the range of tension values across the population (Figure 6 'Relaxed GUVs'). Further flicker spectra are obtained after incubation with ESCRT proteins, using our standard procedure (50 nM Snf7, 10 nM ESCRT-II, Vps20, Vps24, Vps2, Vps4, 1 µM ATP.MgCl2, 20 minutes incubation), (Figure 6 .
'Relaxed GUVs + ESCRT-III'). The mean tension after ILV formation increases to an
intermediate value between the 'Tense' GUVs and those that have been osmotically relaxed 'Pre-protein'. This increase in membrane tension will act to make further ILV formation more difficult, providing a mechanism of negative feedback to self-regulate ESCRT activity.
Notably, the 'post-protein' tension range does not reach the highest tension values observed in the initial electroformed GUV population, suggesting that in these cases, ILV formation is not limited by the membrane mechanics and further ILV formation is likely possible upon addition of more ESCRT-III or further active recycling of the existing components.
Discussion
Here we have shown that ESCRT-III activity is regulated by the tension of the membrane substrate, using an in vitro model membrane system. Our work recapitulates ESCRTmediated membrane budding and scission in the GUV system and shows that membrane tension significantly dominates over any attempt to control ILV formation by varying the ratio of the ESCRT-III assembly reaction. Increased membrane tension through removal of excess membrane surface area, provides a negative feedback mechanism that eventually suppresses membrane remodelling by ESCRT-III.
Based on a model where individual ESCRT constituents promote nucleation (Vps20), growth (Snf7) and termination (Vps24) of the ESCRT filaments, we hypothesized that variation of relative ratio between subunits may affect the efficiency of ILV formation and ILV size.
Nonetheless, we observed minimal effects on ILV formation efficiency and size when varying Vps20 and Vps24 concentration across a 50-fold concentration range. This suggests that either: (i) membrane mechanics strongly dominates the effects of nucleation and termination in our experimental regime, or (ii) there is a narrow range of stoichiometric composition where functional ESCRT complexes form, giving rise to a weak dependence on the concentration of a single component. We consider the latter scenario to be most likely given that ILV formation in relaxed vesicles is not limited by membrane mechanics at the typical protein concentrations used (Figure 6 ).
Mechanistic models of ESCRT activity revolve around the formation of circular or spiral structures on membranes that drive membrane invagination, 20 constricting and stabilising ILV bud necks 40 prior to scission by disassembly of the oligomer. 41 Nonetheless, membrane curvature drives the recruitment of specific ESCRT subunits 42 and membrane undulations, amplified at low tension, have been implicated in promoting self-assembly of other curvature-generating proteins at the membrane. 43 Hence, a more complete model for ESCRT-mediated remodelling activity includes the membrane as an active participant. Here, we have elucidated a regulatory role for membrane mechanics in preventing runaway overactivity of the ESCRT complex via a negative feedback mechanism.
ESCRTs perform a wide variety of membrane remodelling functions within the cell 12 with some of these responding directly to changes in membrane tension, such as membrane abscission during cytokinesis, whereby relaxation of membrane tension promotes recruitment of ESCRT-III to the intercellular bridge. 44 In the endocytic pathway, fusion of late endosomes would provide excess membrane area that lowers membrane tension and could 
Methods Protein over-expression and purification
The plasmids for overexpression of Saccharomyces cervisiae ESCRT-III subunits Vps20, Snf7, 
Electroformation of Giant Unilamellar Vesicles (GUVs)
Preparation of GUVs is performed using the electroformation method. A solution of lipids in chloroform (15 µL, 0.7 mM; (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, 61.9 mol%), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS, 10 mol%), cholesterol (25 mol%), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-inositol-3'-phosphate) (PI(3)P, 3 mol%), and lissamine-rhodamine-PE (0.1 mol%), all purchased from Avanti Polar Lipids Inc. Alabaster, Al. USA.) is applied as a thin layer over two Indium-tin oxide (ITO) glass slides (8-12 Ω/sq, Sigma-Aldrich) and dried under a stream of nitrogen gas. The slides are assembled into an electroformation chamber using a silicone rubber gasket to create a chamber between the opposing conductive surfaces, with strips of copper tape between the gasket and each conductive surface to serve as electrical contacts. The chamber is filled with sucrose solution (600 mM) and sealed with a silicone rubber plug. The chamber is placed in an oven at 60 °C and using a function generator, an AC voltage was applied to the system (3 V peak to peak, 10 Hz, sinusoidal waveform) for two hours, followed by gradual reduction in the frequency over approximately 10 minutes to facilitate the closure of nascent GUVs from the surface. The chamber is then allowed to cool to room temperature before the GUV suspension is harvested.
If desired, osmotic relaxation of membrane tension is achieved by overnight incubation at 4 °C of the resulting GUV suspension in Tris buffer (50 mM Tris, pH 7.4) adjusted to 10 mOsM higher than the sucrose electroformation solution (1:4, vol:vol Tris:GUV suspension) to facilitate the osmotic transport of water from the GUV lumens. Osmolarity is measured using an Advanced Instruments 3320 osmometer and adjusted by addition of NaCl.
Confocal microscopy -ILV counting
Confocal microscopy is performed on a Zeiss LSM 880 inverted system, using a Plan- 
Flicker spectroscopy
GUV membrane tension is quantified by flicker spectroscopy. [31] [32] [33] This technique analyses the power spectrum of membrane undulations (mean square undulation amplitude 〈| ( )| 2 〉 versus wavenumber from image analysis of a confocal microscopy time series taken at the midpoint (equator) of the GUV. 1000 frames are taken per GUV at 1024x1024 pixel resolution, frame rate and pixel size varied on a case by case basis as the maximum magnification that could accommodate the whole GUV is used to maximize scan speed and allows us to quantify the bending rigidity (κ) and tension ( ) of individual GUV membranes. 34 The MATLAB program for GUV flicker analysis was kindly provided to us by Prof. Pietro Cicuta and co-workers at the University of Cambridge, UK. An example flicker spectrum is shown in supplementary Figure S4 .
